A hallmark of systemic lupus erythematosus and the MRL murine model for lupus is the presence of anti-double-stranded (ds)DNA antibodies (Abs). To identify the steps leading to the production of these Abs in autoimmune mice, we have compared the phenotype and localization of anti-dsDNA B cells in autoimmune (MRL ϩ / ϩ and lpr/lpr ) mice with that in nonautoimmune (BALB/c) mice. Anti-dsDNA B cells are actively regulated in BALB/c mice as indicated by their developmental arrest and accumulation at the T-B interface of the splenic follicle. In the MRL genetic background, anti-dsDNA B cells are no longer developmentally arrested, suggesting an intrinsic B cell defect conferred by MRL background genes. With intact Fas, they continue to exhibit follicular exclusion; however, in the presence of the lpr/lpr mutation, anti-dsDNA B cells are now present in the follicle. Coincident with the altered localization of anti-dsDNA B cells is a follicular infiltration of CD4 T cells. Together, these data suggest that MRL mice are defective in maintaining the developmental arrest of autoreactive B cells and indicate a role for Fas in restricting entry into the follicle.
A defining feature of most autoimmune diseases is the presence of autoantibodies. The factors that account for the production of autoantibodies in diseased individuals and their absence in healthy individuals are not clear. Many studies have examined the characteristics of autoantibodies and disease pathology after the disease process is well underway; however, few studies have followed the fate of the autoreactive B cells themselves both before and after initiation of disease. To understand how tolerance is maintained in the B cell compartment, we and others have used Ig transgene (Tg) 1 models that increase the frequency of autoreactive B cells and allow their fate to be tracked (1) (2) (3) (4) (5) . Studies using Ig Tgs directed toward the model Ags hen egg lysozyme (HEL) and MHC class I have described several fates for autoreactive B cells in nonautoimmune mice, including clonal deletion, anergy, and receptor editing. The conclusion from these studies is that the fate of an autoreactive B cell depends on many factors, including the presence of T cell help and the form and location of the Ag (1) (2) (3) 6) . Similar manifestations of B cell tolerance have also been described using Ig Tg models for Ags that are targeted in autoimmune diseases such as SLE (5, (7) (8) (9) (10) (11) (12) (13) . Given that the nature of the in vivo Ag for SLE-associated specificities has not been identified, the role that different forms of Ag, as well as affinity, play in dictating a deleting versus anergizing phenotype cannot be assigned.
The MRL-lpr/lpr mouse is a much-studied model of systemic autoimmunity. MRL-lpr/lpr mice develop a similar autoantibody profile to SLE patients, with serum Abs directed against many nuclear Ags, such as DNA and histones (14) . MRL ϩ / ϩ mice, which do not carry the lpr mutation in Fas (15, 16) , also develop autoantibodies, although with delayed kinetics (17) . For both MRL-lpr/lpr and MRL ϩ / ϩ mice, serum autoantibodies are not present at birth; instead the mice seroconvert as adults (14) . What causes this breakdown in tolerance is unclear; potential candidates include dysregulation of autoreactive B cells, T cells, and/or a difference in the nature of the Ag(s) being recognized.
Using model Ags, many studies have addressed whether lpr/lpr mice are globally defective in B and/or T cell tolerance. Although one study suggests that negative selection to high doses of Ag is affected by the lpr/lpr mutation (18) , MRL / lpr Defect in B Cell Developmental Arrest and Follicular Exclusion the overwhelming conclusion from numerous reports is that, overall, both B and T cell tolerance is intact in lpr/lpr mice (19) (20) (21) (22) (23) . However, all of the examples cited were investigating tolerance to Ags that are not spontaneously targeted in disease. MRL-lpr/lpr mice do produce autoantibodies to nuclear Ags, implying that tolerance to specific self-Ags is no longer intact. Importantly, the steps leading to this breakdown in tolerance have not been identified.
To understand how anti-DNA B cells are regulated, we have used the VH3H9 Tg, which was repeatedly isolated from anti-DNA Abs produced by diseased MRL-lpr/lpr mice (24) . The VH3H9 H chain can pair with a variety of endogenous L chains to generate anti-DNA Abs as well as non-DNA Abs (25) . Therefore, VH3H9 Tg mice give us the ability to study anti-DNA B cells, in the context of B cells with other specificities, in both nonautoimmune and autoimmune environments. Using the VH3H9 Tg on a nonautoimmune (BALB/c) background, we have identified a population of anti-double-stranded (ds)DNA B cells that persist in the periphery (10) . These cells are developmentally arrested and have a shortened life span. Additionally, they localize to the T-B interface of the splenic follicle. These features of anergy are similar to those of anergic anti-HEL B cells in a diverse repertoire, with the exception that anti-HEL B cells are reported as not being developmentally arrested (3, 26, 27) .
The presence of anti-DNA Abs in MRL-lpr/lpr mice suggests that the regulation of anti-DNA B cells is no longer intact; however, it does not tell us how either MRL genes or the lpr/lpr mutation influence the loss of tolerance. Although it is clear that there are distinct MRL and lpr contributions to autoimmunity, their precise consequences for the fate of autoreactive B cells have not been defined. To determine more specifically how the regulation of antidsDNA B cells breaks down in the autoimmune environment, the VH3H9 Tg was bred onto the MRL-lpr/lpr and MRL ϩ / ϩ backgrounds and the fate of anti-dsDNA B cells monitored. Comparing the phenotype of anti-dsDNA B cells in MRL mice to that in BALB/c mice allows us to identify differences that may account for the production of antidsDNA Abs in autoimmune mice. Additionally, by examining VH3H9 MRL-lpr/lpr mice before and after antidsDNA Ab is detected in the serum, we may be able to correlate phenotypic changes with the onset of seroconversion. Finally, by comparing the fate of anti-dsDNA B cells in MRL-lpr/lpr with MRL ϩ / ϩ mice, the contribution of Fas in the elimination of autoreactive B cells may be identified.
In this study, we document several changes in the status of anti-dsDNA B cells in both MRL ϩ / ϩ and MRL-lpr/lpr mice that precede the expression of serum autoantibodies. MRL ϩ / ϩ and MRL-lpr/lpr mice exhibit a defect in maintaining the developmental arrest of anti-dsDNA B cells. In MRL-lpr/lpr mice, two additional changes have been identified: the anti-dsDNA B cells are now able to enter the B cell follicle, and the T/B lymphoid architecture is disrupted before seroconversion. Thus, this study reveals potential mechanisms by which the MRL genetic background and the lpr mutation in Fas contribute to autoantibody production.
Materials and Methods

Mice
BALB/c mice were purchased from Harlan Sprague-Dawley, Inc. MRL-lpr/lpr and MRL ϩ / ϩ mice were purchased from The Jackson Laboratory. VH3H9 Tg mice have been described previously (4). The VH3H9 Tg mice have been backcrossed onto the BALB/c and MRL backgrounds for at least 9 and 17 generations, respectively, and have been bred and maintained in the animal facility at The Wistar Institute. VH3H9 MRL-lpr/lpr mice deficient in the JH locus were obtained from M. Shlomchik (Yale University, New Haven, CT [28] ). In all cases, age-matched BALB/c mice and/or Tg Ϫ littermates were used as controls. The presence of the VH3H9 Tg was determined by PCR amplification of tail DNA with primers specific for VH3H9 (4) .
Antinuclear Antibody Assay
The presence of antinuclear Abs (ANAs) in serum was detected using permeabilized HEP-2 cells as the substrate (Antibodies Incorporated). Manufacturer's instructions were followed with serum samples tested at a 1:100 dilution. Anti-homogeneous nuclear (HN) ANA binding and ANA titers were detected with a combination, defined as total Ig, of FITC-conjugated goat anti-mouse Ig(H ϩ L) and anti-mouse IgM reagents (Southern Biotechnology Associates). To test for the presence of ANAs, an FITC-conjugated goat anti-mouse reagent (Southern Biotechnology Associates) or LS136-biotin (anti-1; gift of Garnett Kelsoe, Duke University, Durham, NC) followed by streptavidin (SA)-FITC (Fisher Biotech) was used. The samples were then visualized under a fluorescent microscope and scored blind, without knowledge of age or genotype of the mice. The results using the monoclonal LS136 and polyclonal anti-reagents were comparable.
ANA Detection in Seroconversion. Sera were tested from six litters of mice. These mice were bled once a week between 6 and 16 wk of age. These serial samples were tested, in the protocol described above, for the presence of total Ig anti-HN and Ig ANAs. The first positive bleed was considered the seroconversion time point.
ANA Titers. The anti-HN seroconversion time points of a subset of Tg Ϫ and VH3H9 MRL-lpr/lpr mice were examined for total Ig ANA titers. In each case, the time point was 10 wk of age. These samples were tested at an initial 1:100 dilution and at serial 10-fold dilutions. The serum titer was defined as the reciprocal of the last dilution at which positive staining was seen.
Cell Preparations
Bone marrow (BM), spleen, and LN cells were removed from VH3H9 Tg and Tg Ϫ mice. Single-cell suspensions were prepared and, where necessary, erythrocytes were removed by hypotonic lysis.
Identification of VH3H9/V 1 B Cells
Because the VH3H9 H chain Tg has been shown to be a good excluder of endogenous H chain rearrangement in the BALB/c background, we have followed the fate of anti-dsDNA B cells in VH3H9 Tg mice using anti--specific reagents (4) . Additionally, the restricted use of VH3H9 by ϩ cells was confirmed using JH Ϫ / Ϫ MRL-lpr/lpr mice (28) . Several different reagents were used to track ϩ and 1 ϩ B cells (LS136, R11-153, JC5, and R26-46). Using these reagents and flow cytometry we have shown that the majority of ϩ B cells in VH3H9 Tg mice are 1 (10) . Therefore, we are able to follow VH3H9/V 1 B cells in MRL mice using anti-pan reagents.
Flow Cytometry Analysis
Cells (5 ϫ 10 5 ) were surface stained according to standard protocols (29) . The following Abs were used: RA3-6B2-FITC, -PE, or -biotin (anti-B220), R11-153-FITC (anti- All samples were analyzed on a FACScan™ flow cytometer (Becton Dickinson) using CellQuest software. 15,000-40,000 events were collected for each sample and gated for live lymphocytes based on forward and side scatter.
In analyzing the cell surface phenotype, it became apparent that SA-Red670 binds to B cells from MRL-lpr/lpr mice. The reagent does not bind to conventional T cells in MRL-lpr/lpr mice, but does bind to ‫ف‬ 10% of the B220 ϩ CD3 ϩ CD4 Ϫ CD8 Ϫ (double-negative 
Immunohistochemistry
Spleens were suspended in OCT, frozen in 2-methyl-butane cooled with liquid nitrogen, sectioned, and fixed with acetone. The spleen sections were stored at Ϫ 20 Њ C and then stained according to the protocol described (31) . In brief, the sections were blocked using PBS/5% normal goat serum (Sigma Chemical Co.)/0.1% Tween-20 and then stained with GK1.5-biotin (anti-CD4), 53-6.7-biotin (anti-CD8), 30H12-FITC (anti-Thy-1.2) (grown as supernatants), Cy34.1-FITC (anti-CD22), 281-2 (anti-syndecan-1) (PharMingen), MOMA-1 (anti-marginal metallophilic macrophages; Bachem), and/or anti-Ig -alkaline phosphatase (AP) (Southern Biotechnology Associates). Streptavidinhorseradish peroxidase (HRP) or -AP (Southern Biotechnology Associates), polyclonal anti-rat-HRP (Jackson ImmunoResearch Laboratories), MAR18.5-biotin (anti-rat Ig, grown as supernatant), and anti-FITC-AP (Sigma Chemical Co.) or anti-FITC-HRP (Chemicon) were used as secondary Abs. HRP and AP were developed using the substrates 3-amino-9-ethyl-carbazole (3-AEC) and Fast Blue BB base (Sigma Chemical Co.), respectively.
Enzyme-linked Immunospot Assay
Splenic B cells were plated at 4 ϫ 10 5 cells/well and diluted serially 1:4 in Multiscreen HA mixed cellulose ester membrane plates (Millipore) coated with unlabeled goat anti-mouse total Ig (Southern Biotechnology Associates). The Ig secreted by the plated cells was detected by AP-conjugated goat anti-mouse total Ig or Ig as secondary Abs (Southern Biotechnology Associates) and visualized using NBT/BCIP substrate (nitroblue tetrazolium/ 5-bromo-4-chloro-3-indolyl phosphate; Sigma Chemical Co.).
Statistical Analysis
Statistical significance was determined using an unpaired nonparametric test and Instat software.
Results
In this study, we have used the VH3H9 Tg to track a specific population of anti-dsDNA B cells, in the context of a diverse repertoire, and compare their fate in nonautoimmune and autoimmune environments. Transfection and hybridoma analyses have shown that the germline V 1 L chain pairs with the VH3H9 H chain to generate an anti-dsDNA ANA ϩ Ab (25, 32) . Using anti--specific reagents, we have followed B cells of this specificity in terms of serum Ab expression, surface phenotype, splenic localization, and ability to differentiate into antibody-forming cells (AFCs).
The Kinetics of Seroconversion in MRL-lpr/lpr Mice. As a first step in studying VH3H9 MRL-lpr/lpr mice, we examined the overall rate at which ANAs appeared in the serum. An age-matched cohort of Tg Ϫ and VH3H9 MRL-lpr/lpr mice was bled weekly from age 6 to 16 wk. The sera were tested for the presence of ANAs using reagents to detect total Ig, and scored as positive when they showed an HN staining pattern. This ANA pattern is found in a high frequency of SLE serum and correlates with the presence of anti-dsDNA, antihistone, and antichromatin Abs (33) . Fig.  1 A shows that Tg Ϫ MRL-lpr/lpr mice became serum HN ANA ϩ at approximately the same time (10.1 Ϯ 3.0 wk) as VH3H9 MRL-lpr/lpr mice (9.1 Ϯ 2.0 wk; P ϭ 0.2). To test if the VH3H9 Tg alters the amount of ANA in the serum, ANA titers were determined for a subset of the mice (Fig. 1 B) . Again, no difference was detected between Tg Ϫ and VH3H9 MRL-lpr/lpr mice. Likewise, Fig. 1 C shows that the VH3H9 MRL-lpr/lpr mice seroconvert to Ig ANA ϩ at an average of 9.2 Ϯ 1.4 wk, the same time when total HN ANAs appear in the serum (9.1 Ϯ 2.0 wk). Within the time-frame analyzed (ages 6.0-43.5 wk), the VH3H9/1 specificity was not detected in serum from MRLϩ/ϩ mice (data not shown). The fact that most Tg Ϫ MRL-lpr/lpr mice failed to seroconvert to Ig ANA ϩ is consistent with data showing that the overwhelming majority of ANAs in Tg Ϫ MRL-lpr/lpr mice use the more abundant Ig L chains (34) . Given that VH3H9/V1 ANAs arise with the same kinetics as other ANAs in both Tg Ϫ and Tg ϩ MRL-lpr/lpr mice, VH3H9/V1 B cells appear to be a good model for following the fate of ANA B cells in general.
Anti-dsDNA B Cells in VH3H9 Mice Show Evidence of Ag Encounter in the BM.
Having established the kinetics of seroconversion, we proceeded to compare the phenotype of anti-dsDNA B cells in mice that are serum ANA ϩ (Ͼ9 wk MRL-lpr/lpr) with mice that are ANA Ϫ (Ͻ9 wk MRL-lpr/lpr, MRLϩ/ϩ, and BALB/c). Using -specific reagents and flow cytometry, we have previously shown that anti-dsDNA B cells are present in the periphery of nonautoimmune (BALB/c) mice with a decreased level (four-to fivefold) of surface Ig relative to Tg Ϫ B cells (10) . Likewise, Ig ϩ B cells are also present in the spleen and LNs of VH3H9 MRL-lpr/lpr and VH3H9 MRLϩ/ϩ mice, with the same four-to fivefold decreased level of surface Ig compared with Igs in Tg Ϫ mice (Fig. 2 B , and data not shown). Interestingly, when Ig levels are compared for Ig ϩ cells in the BM, the Ig level is also reduced, and to a similar extent, in VH3H9 MRL-lpr/lpr, VH3H9 MRLϩ/ϩ (Fig. 2 A) , and VH3H9 BALB/c mice (10). We and others have interpreted a low level of Ig to be an indication of Ag encounter (3, (10) (11) (12) (35) (36) (37) (38) . Additionally, the extent of receptor downmodulation has been correlated with the available concentration of self-Ag (39, 40) . Thus, the VH3H9/Ig B cells in all backgrounds tested encounter their Ag, and this interaction first takes place in the BM.
Cell Surface Phenotype of MRLϩ/ϩ and MRL-lpr/lpr B Cells Differs from BALB/c B Cells. We next were interested in determining how encounter with Ag would affect the phenotype of the autoreactive cells from MRLϩ/ϩ, MRL-lpr/lpr, and BALB/c mice. However, before the analysis of VH3H9 Tg anti-dsDNA B cells, we noted differences among the three background strains of mice in terms of B cell expression levels of several cell surface markers. Although a similar pattern of expression for all sets of mice was observed for the majority of markers, including B220 ( Fig. 3 A) , HSA, CD22, and CD44 (data not shown), there were notable exceptions in L-selectin, CD23, and CD21/35. The proportion of L-selectin low B cells is increased in MRLϩ/ϩ and MRL-lpr/lpr mice compared with BALB/c mice (Fig.  3 A) . Decreased levels of L-selectin can indicate activation, suggesting that activated B cells are accumulating in MRLϩ/ϩ and MRL-lpr/lpr mice (41, 42) . Additionally, as has been previously reported, CD23 levels are also decreased on MRL-lpr/lpr B cells and this decrease is more apparent as the mice age (43; Fig. 3 A) . A decrease in CD21/35 expression has been reported in MRL-lpr/lpr mice (44) as well as SLE patients (45) (46) (47) . We also observe a twofold decrease in CD21/35 expression on a portion of the B cells in MRL-lpr/lpr mice compared with BALB/c and MRLϩ/ϩ mice. However, in our analysis, the most striking difference in the MRL mice both with and without the lpr mutation when compared with the BALB/c mice is the dramatic increase in CD21/35 high cells (Fig. 3 A) . This peak of CD21/35 high cells, which are also IgM high (data not shown), accumulates with age in the MRL-lpr/lpr mice. Because CD23 low CD21/35 high IgM high is reminiscent of the phenotype assigned to marginal zone (MZ) B cells (48) , we are in the process of quantitating whether MRL mice have an exaggerated MZ area.
Anti-dsDNA B Cells Are No Longer Developmentally Arrested in MRLϩ/ϩ and MRL-lpr/lpr Mice. With differences among the three background strains noted, the developmental status of the anti-dsDNA B cells in VH3H9 MRLϩ/ϩ, VH3H9 MRL-lpr/lpr, and VH3H9 BALB/c mice was compared using flow cytometry and a panel of cell surface markers. Previously, we have shown that antidsDNA B cells in VH3H9 BALB/c mice are developmentally arrested and show signs of activation (10) . To examine the cell surface phenotype of splenic anti-dsDNA B cells, the relative expression levels of B220, HSA, CD21/35, CD22, CD23, and CD44 (29, (49) (50) (51) (52) (53) on VH3H9/ B cells were compared with those on Tg Ϫ B cells in BALB/c (Fig.  3 B) , MRLϩ/ϩ (Fig. 3 B) , and MRL-lpr/lpr (Fig. 3 C) mice. The ϩ B cells in Tg Ϫ MRLϩ/ϩ (Fig. 3 B) , MRLlpr/lpr (Fig. 3 C) , and BALB/c (10) mice have equivalent levels of all surface markers tested, suggesting that there is nothing inherently different about Ig ϩ B cells. In contrast and as previously reported, anti-dsDNA B cells from VH3H9 Tg BALB/c mice appear developmentally arrested in that they express a low level, relative to mature splenic B cells, of B220 (decreased twofold), CD21/35 (decreased threefold), CD22 (decreased twofold), and CD23 (decreased twofold), an intermediate level of HSA (increased twofold), and an elevated level of CD44 (increased fourfold) (10; Fig.  3 B) . Importantly, VH3H9/ B cells on the MRLϩ/ϩ and MRL-lpr/lpr background are no longer developmentally arrested: they express mature levels of B220, HSA, CD22, and CD44 (Fig. 3, B and C) . Additionally, VH3H9/ MRLϩ/ϩ B cells express mature levels of CD23 ( Fig. 3 B) ; however, in the MRL-lpr/lpr mice, CD23 is not a useful marker for maturation, given that the level of CD23 is dramatically reduced on all MRL-lpr/lpr B cells as the mice age (43; Fig. 3 A) . The surface phenotype of VH3H9/ B cells was also compared in MRL-lpr/lpr mice both before and after seroconversion to determine if autoantibody production is marked by a change in cell surface phenotype. Ig ϩ B cells from both ANA Ϫ (age 4-7 wk) and ANA ϩ (age 8-14 wk) VH3H9 MRL-lpr/lpr mice are phenotypically mature (Fig. 3 C) . One drawback of this analysis is that most of the markers tested are lost on B cells that have differentiated into AFCs. Thus, although we may be missing AFCs in the flow cytometry analysis, the majority of the VH3H9/ B cell population is indistinguishable between ANA Ϫ and ANA ϩ MRL-lpr/lpr mice.
While several cell surface markers suggest that antidsDNA B cells in MRLϩ/ϩ and MRL-lpr/lpr mice are no longer developmentally arrested, CD21/35 levels are decreased on VH3H9/ ϩ B cells, although not to the extent they are in the BALB/c background (decreased one-to twofold in MRL mice compared with threefold in BALB/c mice; Fig. 3 , B and C). The reduced level of CD21/35 is not due to complement binding that in turn could block the Ab binding site, because staining with two different anti-CD21/35 Abs (7G6, which binds to the complementbinding site, and 7E9, which does not [54, 55] ) gave similar results (data not shown). Why CD21/35 levels remain decreased on VH3H9 MRLϩ/ϩ and MRL-lpr/lpr ϩ B cells, despite normal levels of other developmental markers (B220, HSA, and CD22) is not clear. One possibility is that only those B cells expressing low levels of CD21/35 persist after negative selection, given that CD21/35 is a coreceptor for signals through the Ig receptor (56) . A similar explanation has been described for the reduced levels of the CD8 coreceptor seen on self-reactive anti-HY TCR Tg T cells present in the periphery of male mice (57) . Another possibility is that reduced CD21/35 levels reflect activation due to Ag encounter (44) . Ig Tg B cells specific for model Ags, where Ag exposure can be controlled, may help to determine if Ig downmodulation in the presence of Ag is accompanied by a decrease in CD21/35.
One scenario that could account for the more advanced maturation of VH3H9/ ϩ B cells in MRL as opposed to BALB/c mice is that they encounter Ag at a later developmental stage in the BM and thus their maturation goes unimpeded. As an indication of Ag encounter, the level of surface Ig on the ϩ B cells in the BM of VH3H9 and Tg Ϫ BALB/c, MRLϩ/ϩ, and MRL-lpr/lpr mice was compared. As is shown in Fig. 3 D, Fig. 3 B) , whereas in MRL mice (ϩ/ϩ and lpr/lpr), the splenic B cells appear fully mature (Fig. 3, B and C) .
To confirm that the cells we are following are using the VH3H9 Tg, we have repeated our experiments using VH3H9 MRL-lpr/lpr mice deficient at the JH locus (JH Ϫ/Ϫ [28] ). As B cells in VH3H9 JH Ϫ/Ϫ mice are unable to rearrange endogenous H chain loci, the only H chain they express is the VH3H9 Tg. The results from VH3H9 MRLlpr/lpr mice with and without an intact JH locus were indistinguishable in terms of phenotypic analysis of BM and splenic VH3H9/V B cells (data not shown).
Altered Localization of Anti-dsDNA B Cells in MRL-lpr/lpr Mice. Given the changes in developmental maturity of anti-dsDNA B cells in BALB/c versus MRL mice, we next looked to see what effect these changes have on the B cells' splenic localization. For the most part, B and T cells are located in discrete areas in the spleen, called the B cell follicle and periarteriolar lymphoid sheath (PALS), respectively. Previously, using Ig Tg mice, we and others have shown that anergic B cells localize to the T-B interface of the splenic follicle (10, 27) . One hypothesis to account for this localization is that anergic B cells continually encountering Ag are at a competitive disadvantage for follicular space (27, 58) . Another hypothesis is that the location of the B cells is dependent on the amount of Ag exposure, not competition with other naive B cells (39, 40) . In both models, B cells encountering Ag move to the T-B interface, where they can interact with T cells. Immature B cells are also reported to first appear at the T-B interface in the spleen (59) .
Given that the VH3H9/ BALB/c B cells that localize to the T-B interface are both immature and have encountered Ag, we have been unable to distinguish which of these features is responsible for their localization (10; and Fig. 4 A) . However, on the MRLϩ/ϩ and MRL-lpr/lpr backgrounds, VH3H9/ B cells are no longer developmentally arrested, providing an opportunity to separate maturation status from Ag encounter. Ig ϩ B cells in Tg Ϫ mice from autoimmune and nonautoimmune backgrounds are scattered throughout the splenic follicle (10; Fig. 4, A  and B) . However, similar to their counterparts in the BALB/c background, VH3H9/ B cells from MRLϩ/ϩ mice localize to the T-B interface (Fig. 4 A) . Therefore, follicular localization is not dependent on the developmental status of the autoreactive B cells, at least in MRLϩ/ϩ mice; rather, we suggest it is a consequence of Ag encounter.
In striking contrast to the VH3H9/ MRLϩ/ϩ B cells, VH3H9/ ϩ B cells in the MRL-lpr/lpr background are not localized to the T-B interface; instead, they are located within the B cell follicle (Fig. 4 A) . This pattern of localization is seen in mice as early as 4 wk of age, before their specificity is detectable in the serum. Identical results for localization of anti-dsDNA B cells were obtained using VH3H9 MRL-lpr/lpr mice with and without an intact JH locus, confirming that the cells we are following use the VH3H9 Tg (data not shown). Thus, while indistinguishable by developmental status, anti-dsDNA B cells in VH3H9 MRLϩ/ϩ and VH3H9 MRL-lpr/lpr mice exhibit different splenic localizations.
Disrupted Architecture in MRL-lpr/lpr Mice. Disruptions in the splenic architecture of MRL-lpr/lpr mice have been known for some time and have been attributed to the accumulation of CD3 ϩ B220 ϩ CD4 Ϫ CD8 Ϫ (DN) T cells. It has been reported that these DN T cells are located between the T and B cell areas in the follicles of older MRLlpr/lpr mice (60, 61) . To confirm this, MRL-lpr/lpr spleen sections were stained with anti-B220 and anti-CD3, and coexpressing cells were identified by immunofluorescence. In agreement with previous studies, the B220 ϩ CD3 ϩ cells were located in discrete areas between the PALS and what remained of the B cell follicle (data not shown). In addition to the disruption in splenic architecture caused by DN T cells, we have identified a novel histological feature of MRL-lpr/lpr mice that is evident even before the emergence of DN T cells. In contrast to the usual segregation of B and T cells, CD4 T cells in VH3H9 MRLlpr/lpr mice do not localize exclusively to the T cell area: a subpopulation of CD4 T cells are in the B cell follicle (Fig.  4 A) . To examine this altered CD4 localization more closely, spleen sections were stained with MOMA-1, a marker for MZ macrophages, and either CD22, CD4, or CD8 (Fig.  5, A and B) . In both BALB/c and MRLϩ/ϩ spleens, with and without the VH3H9 Tg, distinct B and T cell areas are present with few to no CD4 or CD8 T cells in the B cell area (Fig. 5 A) . However, in VH3H9 MRL-lpr/lpr spleens, although distinct B and T cell areas are present, there is also a subpopulation of CD4 T cells scattered throughout the follicle (Fig. 5 B) . CD4 T cells have been found in the B cell follicle in the context of germinal centers (GCs [62] ). However, the CD4 T cells in the follicles of MRL-lpr/lpr mice are not like those described in GCs as they express Thy-1 (data not shown), a marker absent on GC T cells (62) . CD8 T cells remain tightly compacted around the central arteriole, and neither CD4 nor CD8 T cells are present in the MZ of VH3H9 MRL-lpr/lpr mice (Fig. 5 B) .
To determine if the altered localization of CD4 T cells is a general feature of MRL-lpr/lpr mice, or is unique to the VH3H9 Tg, spleen sections from Tg Ϫ MRL-lpr/lpr mice were examined (Fig. 5, A and B) . Unlike BALB/c and MRLϩ/ϩ spleens, the Tg Ϫ MRL-lpr/lpr spleens have CD4 T cells scattered throughout the B cell follicle (Fig. 5 A) , showing that this disrupted architecture is not limited to VH3H9 mice. The fact that MRL-lpr/lpr and not MRLϩ/ϩ mice show disrupted architecture suggests that this alteration is attributable to a block in the Fas/FasL pathway. At the time points examined, CD4 infiltrates were not found in other organs such as the liver or kidney (data not shown).
Although the presence of the VH3H9 Tg is not necessary for the appearance of CD4 T cells in the B cell follicle, it does accelerate the process. Age-matched VH3H9 and Tg Ϫ MRL-lpr/lpr mice were analyzed for CD4 T cell infiltrates by immunohistochemistry (Fig. 5 B) . Alterations in T/B architecture are seen as early as 4-5 wk in VH3H9 MRL-lpr/lpr spleens (Fig. 4 A, and data not shown) ; however, Tg Ϫ MRL-lpr/lpr spleens show no disruption until 6-8 wk (Fig. 5 B) and it becomes more pronounced at 10-12 wk (Fig. 5 A) . VH3H9 BALB/c and VH3H9 MRLϩ/ϩ mice have normal splenic architecture, suggesting that the lpr mutation, not the VH3H9 Tg, is necessary for the disruption (Fig. 4 A, and data not shown) . Therefore, in VH3H9 MRL-lpr/lpr mice, although increasing the frequency of autoreactive B cells does not accelerate the kinetics or titers of serum ANAs, it does accelerate the kinetics of T-B mixing in MRL-lpr/lpr mice.
Alterations in VH3H9 MRL-lpr/lpr Mice after Seroconversion.
In addition to noting differences in anti-dsDNA B cells in nonautoimmune versus autoimmune mice, we also examined VH3H9 MRL-lpr/lpr mice before and after seroconversion to determine if any architectural alterations correlate with the emergence of serum Ab. Although no difference by flow cytometry was detected between ANA ϩ and ANA Ϫ mice (Fig. 3 C) , a difference was observed by immunohistochemistry (Fig. 4, A and B) . In ANA ϩ mice, many darkly staining Ig ϩ cells are present in the PALS as well as in the bridging channels to the red pulp (Fig. 4 B) . These cells are not obvious in ANA Ϫ mice (data not shown). To determine if these darkly staining cells are AFCs, serial sections were stained for syndecan-1, a cell surface proteoglycan that is expressed on B cells that have differentiated into AFCs (63) . The dark Ig staining cells colocalize with syndecan-1 staining, indicating that they are AFCs. Importantly, many Ig ϩ /syndecan-1 Ϫ cells remain in the B cell follicles even in ANA ϩ animals, suggesting that not all dsDNA B cells have differentiated into AFCs (data not shown). Syndecan-1 ϩ cells are also found in the PALS in Tg Ϫ MRL-lpr/lpr mice, although in this case the vast majority are not Ig ϩ (Fig. 4 B) , consistent with Ig ϩ Ig Ϫ ANAs in the serum (Fig. 1) . This localization of AFCs to the inner T cell area, as opposed to the bridging channels to the red pulp (also referred to by others as the red pulp area adjacent to the T cell zone [31, 64, 65] ), is similar to that reported by Marshak-Rothstein and colleagues for rheumatoid factors in MRL-lpr/lpr mice (61, 66) .
As an alternate approach to quantitate the number of AFCs in the various mice, ex vivo enzyme-linked immunospot assays (ELISpots) were performed (Fig. 6, A and B) . Using reagents to detect all AFCs, few to no AFCs were detectable in spleens from young (4-6 wk) Tg Ϫ and VH3H9 MRL-lpr/lpr, MRLϩ/ϩ, and BALB/c mice, but MRL-lpr/lpr, and BALB/c mice. The number of (A) total Ig and (B) Ig AFCs were determined by ex vivo ELISpot. The data are presented as the mean number of AFCs per 10 4 cells Ϯ the SD of triplicate wells. Total Ig ϩ and Ig ϩ AFC numbers were calculated by normalizing for total B220 ϩ Ig ϩ and B220 ϩ Ig ϩ numbers as determined by flow cytometry, respectively. Presented data are from a representative mouse of each genotype. Total number of mice from five experiments: n ϭ 5 Tg Ϫ BALB/c; n ϭ 4 VH3H9 BALB/c; n ϭ 4 ANA ϩ Tg Ϫ and VH3H9 MRL-lpr/lpr; and n ϭ 2 ANA Ϫ Tg Ϫ and VH3H9 MRL-lpr/lpr mice. Note that a higher number of Ig ϩ AFCs than total Ig ϩ AFCs were detected for the ANA ϩ VH3H9 MRL-lpr/lpr mice in this assay. This difference is attributed to a sensitivity difference in the reagents used to detect total Ig versus Ig. Therefore, although comparisons can be made for the relative number of AFCs of a given type (i.e., between Ig ϩ numbers), they cannot be used to compare absolute frequencies between types (i.e., total Ig vs. Ig). became more pronounced in aged (10-12 wk) MRL-lpr/lpr mice ( Fig. 6 A and data not shown) . To follow anti-dsDNA AFCs in particular in VH3H9 MRL-lpr/lpr mice, Ig AFCs were quantitated (Fig. 6 B) . Ig AFCs were readily detectable in older VH3H9 MRL-lpr/lpr mice. By ELISpot, only 5-10% of the Ig ϩ cells in VH3H9 MRL-lpr/lpr mice are generating AFCs. The fact that not all Ig ϩ cells are secreting Ab as shown by histology and ELISpots supports the idea that it is a breakthrough of a fraction of the antidsDNA B cells and not an overall breakdown of tolerance that leads to serum ANAs in MRL-lpr/lpr mice.
Discussion
Several studies have documented alterations in total B and T cell populations in autoimmune mice and SLE patients (43, 44, 61, 67) . The unique aspect of the data presented here is that specific autoreactive B cells have been followed, both in nonautoimmune mice and in autoimmuneprone mice, as they develop autoantibodies. To do this we made use of the VH3H9 H chain Tg, which increases the frequency of anti-dsDNA B cells and allows their fate, in the presence of nonautoreactive B cells, to be compared in BALB/c, MRLϩ/ϩ, and MRL-lpr/lpr mice. This model has allowed for the analysis not only of endpoints such as serum autoantibodies, but also of the B cells themselves and the factors that influence them during the process of seroconversion. In this study, we have described two novel observations regarding the breakdown of tolerance in MRLlpr/lpr mice. The first is that MRL mice exhibit a defect in maintaining the developmental arrest of anti-dsDNA B cells. The second is that a deficiency in Fas allows these autoreactive cells to enter the B cell follicles from which they are normally restricted. Combining these observations, we propose that the transition of anti-dsDNA B cells from tolerized B cells on the BALB/c background to autoantibodyproducing cells in the MRL-lpr/lpr is a multistep process that includes overcoming both developmental arrest and follicular exclusion.
The MRL Background Allows Maturation of Autoreactive Cells. It has been clearly established that autoimmunity in MRL mice is polygenic, yet the mechanisms by which these different loci influence autoantibody production have not been defined (68) (69) (70) (71) . Although anti-dsDNA B cells are tolerized in BALB/c mice as manifested by their developmental arrest and accumulation at the T-B interface of the splenic follicle (10), anti-dsDNA B cells on the MRLϩ/ϩ and MRL-lpr/lpr backgrounds are developmentally mature. One possibility that could account for this difference is timing of initial Ag exposure. For example, if anti-dsDNA B cells in MRL mice are not exposed to the tolerizing Ag during their development, maturational arrest would not occur. However, the data presented are inconsistent with this scenario: for anti-dsDNA B cells in both MRL and BALB/c mice, the level of surface Ig is low at the same developmental stage in the BM. A second possibility is that although anti-dsDNA B cells in both BALB/c and MRL mice initially encounter their Ag at the same time in development, an absence of continual Ag stimulation in the MRL mice allows the B cells to subsequently progress to maturity. In the HEL B cell tolerance model in the context of bcl-2, the removal of Ag allows the development of the anergic B cells to progress (38) . However, in all the mice studied here, anti-dsDNA B cells are uniformly Ig low in the spleen as well as in the BM, suggesting that constant Ag exposure is occurring in all cases. A third possibility, and one we favor, is that a defect in MRL mice allows autoreactive B cells to survive a selection checkpoint that would normally lead to developmental arrest. This is important in that the maturation state of a B cell may translate to significant changes in function in terms of B cell receptor-associated intracellular signaling capabilities and subsequent B cell responsiveness (72) . Mapping studies by various groups have identified several autoimmunity-associated loci in MRL mice (68) (69) (70) (71) . It will be important to determine if any of these loci, together or in isolation, control the developmental maturation of autoreactive B cells.
The Role of Fas in Follicular Exclusion. We observe in this study a previously undefined connection between Fas and the entry of cells to the B cell follicle. Comparing MRL mice with and without the lpr defect in Fas, we find that despite their mature status, anti-dsDNA B cells in MRLϩ/ϩ mice remain at the T-B interface, whereas in MRL-lpr/lpr mice, they are in the B cell follicle. Exclusion from the B cell follicle has been correlated with the decreased survival of B cells (58) . However, studies using bcl-2 Tgs have shown that this correlation is not absolute, as simply increasing a B cell's life span does not alone alter the localization of anti-HEL B cells from the T-B interface (27) . The data from the present study indicate that Fas can play an important role in determining follicular entry; what remains to be discovered is the mechanism by which it exerts this effect. A deficiency in Fas could act directly on the survival of the anti-dsDNA B cells. Alternatively, lack of Fas could have an indirect effect through the shaping of the peripheral T and B cell repertoires.
The lack of Fas could translate into an alteration in the availability of T cell help. It has been clearly established that T cells are required for the generation of autoantibodies in MRL-lpr/lpr mice (73) (74) (75) . Additionally, it has been suggested that Ag-experienced B cells, such as the anti-dsDNA B cells followed here, are held at the T-B interface in the absence of T cell help (39, 58) . In light of this idea, one possible interpretation of our results is that Fas normally plays a crucial role in eliminating the autoreactive T cell population. In its absence, a fundamental shift occurs in the T cell repertoire such that autoreactive T cell help is now available, and autoreactive B cells are given the signals they need to proceed past the T-B interface. The data presented here argue against this possibility. The anti-dsDNA B cells are found peppered throughout the B cell follicle and appear not to be proliferating (data not shown). If they had received T cell help, we would have expected to observe either (a) the compaction of B cells in follicular GCs, or (b) the formation of AFCs (31) . Although at later time points (mice Ͼ8 wk) we do see evidence of AFCs, at the early time points (4-7 wk) dsDNA B cells appear exclusively in the follicles. Thus, the effect of Fas on follicular entry seems unlikely to be mediated solely through an effect on T cell help.
Alternatively, Fas could regulate follicular entry through its functions on the B cell itself. For example, Rathmell and colleagues have shown that anergic B cells, far from being rescued by T cell help, are killed in a Fas-dependent manner (76, 77) . In the absence of Fas, then, it is possible that anti-dsDNA B cells would not die and thus would be able to proceed into the B cell follicle. One prediction from this is that anti-dsDNA B cells in Fas wild-type animals would have a reduced life span. Experiments are currently underway to determine if the life span of anti-dsDNA B cells is reduced in MRLϩ/ϩ compared with MRL-lpr/lpr mice. Again, however, if T cell help were present in the absence of Fas, we would expect to see evidence of further differentiation of the anti-dsDNA B cells in young MRL-lpr/lpr mice. Interestingly, experiments using TCR Ϫ/Ϫ mice, in the context of the HEL B cell tolerance model, have shown that T cells are not required to maintain follicular exclusion (78) . Therefore, if a signal through Fas on the B cell is what restricts it to the T-B interface, other FasL-expressing cells would be required to deliver that signal.
A scenario that is consistent with our data is that the deficiency in Fas is affecting the proportion of autoreactive B cells in the peripheral B cell repertoire and, as such, alters B cell localization. Studies in the HEL system indicate that changes in the B cell repertoire can affect the localization of autoreactive B cells. In mice where anergic anti-HEL B cells make up the vast majority of the B cell population, they are present in the B cell follicle; however, when nonautoreactive B cells are also present, the anergic B cells are excluded from the B cell follicle (27, 58) . If Fas plays a role in eliminating autoreactive B cells, then the lpr mutation could affect the proportion of autoreactive B cells in the periphery such that, instead of the majority of competing B cells being nonautoreactive, the anti-dsDNA B cells are in an environment with mostly other autoreactive B cells. Therefore, anti-dsDNA B cells in MRL-lpr/lpr mice would be present in the B cell follicle due to lack of competition and not because they are missing a signal through Fas to restrict their entry. Altering the composition of the B cell repertoire by transfer experiments of dsDNA B cells from VH3H9 MRL-lpr/lpr mice into MRL-lpr/lpr mice where the B cells express a nonautoreactive Ig Tg (23) should allow us to discern if the addition of competitive B cells now results in follicular exclusion of the anti-dsDNA B cells.
An additional component that must be considered is the role of Fas in Ag composition. The role of Ag in MRL-lpr/lpr autoantibody production remains controversial. BM chimera and allophenic experiments, mixing lpr/lpr and Fas wild-type cells, have suggested that intrinsic B and T cell defects in lpr/lpr mice, and not alterations in Ag milieu, are responsible for autoantibody production (79) (80) (81) (82) . However, the interpretation of these results is complicated. lpr/lpr T cells are known to express elevated levels of FasL (83, 84) , and it is distinctly possible that the autoreactive nonlpr/lpr B cells in the chimeras, susceptible to Fas-mediated death upon activation, are simply triggered to die before they can contribute to autoantibody levels. Therefore, it remains a possibility that eliminating Fas-mediated death alters the antigenic make-up of MRL-lpr/lpr mice. Consistent with this, studies by Rosen and colleagues have shown that some of the nuclear Ags targeted in SLE are packaged into discrete blebs at the surface of apoptotic cells (85) . They have further demonstrated that triggering apoptotic pathways by different stimuli generates unique substrate fragments that can then be clustered in these blebs (86) . Preferential use of one pathway over another, as could occur in Fas-deficient MRL mice, would potentially alter the ability to produce and display tolerogenic or immunogenic epitopes. The fact that dsDNA B cells from both MRLϩ/ϩ and MRL-lpr/lpr mice are uniformly Ig low suggests that both are encountering a similar amount of Ag. However, it may be that a difference in antigenic context determines whether a B cell enters the follicle, as in MRL-lpr/lpr mice, or is held at the T-B interface, as in MRLϩ/ϩ mice. Because of the potential significance of this issue, experiments are currently underway to explore the nature of the in vivo Ag recognized by these anti-dsDNA B cells.
The Role of Fas in Regulating Entry of T Cells to the B Cell Follicle.
In examining the localization of anti-dsDNA B cells, we have identified a unique histological feature of CD4 T cells in both Tg Ϫ and VH3H9 MRL-lpr/lpr mice. A subpopulation of CD4 T cells, which normally are located in a discrete area around the central arteriole, have infiltrated the B cell follicle. The lack of this infiltrate in Tg Ϫ and VH3H9 MRLϩ/ϩ mice suggests that the absence of a Fas-FasL interaction is the determining factor. In VH3H9 MRL-lpr/lpr mice, the T cell splenic architecture is disrupted as early as 4 wk of age (before we see evidence of DN T cells) and becomes more apparent as the mice age. Interestingly, increasing the frequency of autoreactive B cells by the presence of the VH3H9 Tg, while not accelerating seroconversion, does accelerate the appearance of T-B mixing. Why a subpopulation of T cells resides in the B cell follicle in VH3H9 MRL-lpr/lpr mice is unclear, but the follicular localization of CD4 T cell infiltrates occurs in mice that also have follicular anti-dsDNA B cells. Our working model is that the increased frequency of autoreactive B cells in the VH3H9 Tg mouse plays a role in accelerating the influx of CD4 T cells. There is precedent for B cells, in general, affecting the activation status of T cells in MRL-lpr/lpr mice: B cell-deficient MRL-lpr/lpr mice do not have as many activated/memory T cells as B cellsufficient MRL-lpr/lpr mice (28) . To explore this idea further, we are examining the spleens of MRL-lpr/lpr mice carrying Ig Tgs in the absence of their cognate Ag (23) . We would predict that the infiltration of T cells would occur at a decreased rate in mice with a B cell repertoire skewed away from autoreactivity. Alternatively, it may be the infiltrating CD4 T cells that allow the anti-dsDNA B cells to enter the follicle. To independently regulate the follicular entry of CD4 T cells and dsDNA B cells, we are breeding the VH3H9 Tg onto MHC class II-deficient MRL-lpr/lpr mice (74) . These mice will allow us to determine if the al-tered localization of VH3H9/ B cells is dependent on the presence of CD4 T cells.
Autoantibody Production. This study has allowed us to compare the phenotype of the anti-dsDNA B cells in MRL-lpr/lpr mice before and after seroconversion. Even before seroconversion, the anti-dsDNA B cells are developmentally mature and in the B cell follicle. Furthermore, using a decreased level of surface Ig to indicate Ag encounter (3, (10) (11) (12) (35) (36) (37) (38) , anti-dsDNA B cells are Ig low in the BM, spleen, and LNs, suggesting continual Ag exposure, beginning in the BM. The consistent histological difference between VH3H9 MRL-lpr/lpr mice before and after seroconversion is the presence of Ig AFCs in serum Ig ANA ϩ animals. We note two striking characteristics of this AFC formation. The first is that, while mice immunized with model Ags, such as (4-hydroxy-3-nitrophenyl)acetyl (NP), form AFCs in the bridging channels to the red pulp (31, 64, 65) , the VH3H9/Ig AFCs are, in addition to being in the bridging channels, also located in the PALS. This altered localization of AFCs is consistent with that previously reported by Marshak-Rothstein and colleagues for rheumatoid factor AFCs in MRL-lpr/lpr mice (61, 66) . Whether this localization of AFCs to the PALS is restricted to autoreactive B cells or extends to AFCs in response to foreign Ags is currently under study. The second difference is that even in serum Ig ANA ϩ animals, not all of the Ig B cells become AFCs, suggesting a breakthrough of only some autoreactive B cells and not a global breakdown that would affect the population as a whole. Therefore, we have segregated initial exposure of Ag and entry into the follicle from terminal differentiation into AFCs.
Conclusions. In summary, the factors that are required to transform an autoreactive B cell population from a tolerant one to one producing Ab are clearly complex. This study has compared the phenotype and splenic localization of a population of anti-dsDNA B cells in nonautoimmune mice with anti-dsDNA B cells in autoimmune MRLϩ/ϩ and MRL-lpr/lpr mice. BALB/c mice actively regulate anti-dsDNA B cells as manifested by their developmental arrest, retention at the T-B interface, and lack of antidsDNA Ab in the serum. In MRL-lpr/lpr mice where antidsDNA Ab is present in the serum, the anti-dsDNA B cells are no longer developmentally arrested or excluded from the B cell follicle. Anti-dsDNA B cells in MRLϩ/ϩ mice are also not developmentally arrested; however, they remain at the T-B interface. This allows us to assign a defect in maturational arrest to the MRL genetic background. The maturation state of B cells may have profound effects on their life span and ability to be reactivated. Additionally, in this model, a defect in Fas is needed for the B cells to enter the follicle. However, even Fas-deficient B cells require an additional factor to become AFCs, as young VH3H9 MRL-lpr/lpr mice, where the ϩ B cells are mature and in the follicle, are serum Ϫ . Changes in T cell help or Ag presentation may be required for seroconversion. Interestingly, a defect in Fas also leads to an infiltration of CD4 T cells into the B cell follicle. What role this infiltrate plays in the production of autoantibodies is unknown. Given the requirement for CD4 T cells in the production of autoantibodies in MRL-lpr/lpr mice (73) (74) (75) , it will be important to determine the specificity of these infiltrating CD4 T cells.
